, encoding for 15 proteins in overall, including PB2, PB1, PA, HA, NP, NA, M1, M2, NS1, NS2, and supplementary proteins recently identified with little or unknown functions [3] , i.e., PB1-F2 [4] , PB1-N40 [5] , PA-X [6] , PA-N155 and PA-N182 [7] . Up-to-date, there are 18 HA and 11 NA types for influenza A viruses to be known, based on the composition and activity of the HA (from H1 to H18) and the NA (from N1 to N11) genes, especially, by recent addition of two new HA (ie., H17 and H18) and two new NA types (N10 and N11) detected in bats [8, 9] . The first 15 HA and 9 NA types are originally found in aquatic fowles which served as a source for subsequent reassortment [3] . The numerous types of HA and NA enable the components going through genetic reassortments between HA and NA for generation of new subtypes [10] [11] [12] .
Major polypeptides encoded by 8 segments of the genome of the influenza A virus are as follows:
1) The polymerase complex (PB2, PB1, and PA): The polymerase enzymes encoded by segments 1, 2, and 3, respectively, are responsible for transcription and replication of viral RNA [13] . Additionally, the recently identified polypeptides of PB1-F2, PB1-N40, PA-X, PA-N155, and PA-N182 encoded within segments 2 and 3, respectively, have confirmed the influenza virus as a top of the most complicated viral agents by multi-disciplinary utilization of the genome and the functional polypeptides [3] .
2) The surface antigenic proteins (HA and NA): HA assists virus in attachment to the cell receptors; and by being cleaved by protease, facilitating intrusion of viral genetic material into the cell. NA functions in promotion of the assembly and the release of the virus progenies from the cell receptor [14] . The HA and NA antigenic glycoproteins determine the specificity of different subtypes of influenza A viruses and NA is a target for antiviral treatment [15] . Moreover, HA and NA also play a pivotal role in determining the antigenicity of vaccine production [11, 14, 16] .
3) The proteins encoded by internal genes: They include NP, M (M1 and M2), and NS (comprising NS1 and NS2): Products of these genes play important roles in packaging of viral genomic RNA during replication, in intracellular transporting pathways and in shipping mechanism through the channel components [17, 18] . M1 protein sustains the virion structure, playing multiple role in the replication, assembly, and release of viruses [1] . The viral ribonucleoprotein complexes (vRNPs) contain viral RNA, viral polymerases and viral NPs which are essentially formed during viral infection and replication [19, 20] . NS2 product also known as a nuclear export protein or NEP is essential for transportation of the vRNPs to cytoplasm [1] .
After more than 10 years of highly pathogenic avian influenza (HPAI) A/H5N1 emergence in Asia, the reassortments of HAs and NAs have always occured to generate new subtypes [21, 22] . Just in a short time of recent 5 years, more lethal, pandemic candidate and/or pandemic subtypes of influenza A viruses have been reassorted and emerged in wide geographical localities [3] . These are represented by, namely, the H5N1 variants of highly differentiated clades, the pandemic A/H1N1-2009, the new subtypes of H7N9 and H10N8 in China that posed a high risk across different nations [23] . The rapid emergence of the antigenic drifted HPAI H5N1 and the newly reassorted H7N9 and H10N8 viruses raise the urgent needs to definitely update vaccine development from antigenicity-matching strains for actual application [15, [24] [25] [26] . Fortunately, a great technology, reverse genetics has contributed at a great speed, to solve the vaccine development in the shortest time, that new vaccine(s) against most recently emerging subtypes, with high immunity and warranted protection, including the H5N1 and H7N9 vaccines have been generated [25] [26] [27] [28] [29] [30] .
In this review, we focus on the recently-introduced HA evolution, preperably, on H5 HA of HPAI A/H5N1 strains and the evolutionary features of clade formation in Vietnam, by 1) summarizing the antigenic drift of H5 HA and the emergence of its clade/subclades in the past eleven years, since 2003; 2) analyzing phylogenetic relationships of different HA clades between Vietnam and neighbouring countries; 3) looking at spatial-temporal transmission of clades and dynamic vaccine implementation in Vietnam. Literature has been taken for use mainly from the international sources but in some cases, from some of local publications with actual citations.
Evolutionary Features for Emergence of Genotypes and Clades of H5N1 in Vietnam
It is noted that the precursor highly pathogenic A/H5N1 avian virus was first time formed in 1996, as a result of the genetic reassortment of the H5 HA and the N1 NA types in wild geese in Guangdong, China (A/Goose/Guangdong/ [3, 14, 31] . Although the more ancient strain of A/H5N1 was, indeed, recorded in 1959, indicated by the low pathogenic strain of A/chicken/Scotland/1959(H5N1) (GenBank: CY015081, GU052518 for HA genes), nearly 20 years in the past, particularly in the last 10 years, due to the actual emergence of HPAI influenza A viruses, the HPAI A/ H5N1 subtypes have caused enormous loss to poultry, wild birds and humans [3] . Although in history, the evolutionary pressure has posed substantial impact on the dynamics of the genetic variations of all the 8 genomic segments in order to diversify the pathogenicity/antigenicity and the host adaptability of the influenza A viruses, most of which have frequently occured in the HA and NA genes, resulting in global impact by generation of epizootic outbreaks and pandemics [12, 16] .
Antigenic HA polypeptide (i.e., HA, for H5N1, referred to as H5) is encoded by segment 4, functionally characteristic to the specific binding process to the surface receptor on the cell membrane [14] [15] [16] 32] . HA has the ability to create genetic mutations in different sites (especially, substituting the amino acids at the protease cleaving site, at the point between HA1 and HA2) or to reassort to generate variants, altering surface antigenic properties leading to the correlative changes in immune response [14, 31, 33] . NA antigenic polypeptide of H5N1 (i.e., N1) encoded by segment 6, is an enzymatic protein, cutting off virus-cell receptor molecules linked to sialic acid (N-acetylneuramic acid) to timely release virus progenies from the infected cells during viral infection [14, 34] .
Since the first time appearance in 1996 in Guangdong (Southern China), there have been overall 12 genotypes formed from the ancestral A/Gs/Gd1/1996 H5N1 strain, including GD, A, B, C, D, E, X(X0-X3), V, Y, W, Z(Z + ) and G [35, 36] . In a short time after the first emergence in Guangdong, the original genotypes (e.g., GD, A, C, D, E) of the Guangdong lineage have entirely disappeared, giving way to the next genotypes/ subgenotypes (V, W, X1, X2, X3, Y, Z, and Z+) evolutionarily emerged [37] . The appearance of the Z genotype with strains of higher pathogenicity in Southeast Asian countries, was an evidence for the "antigenic drift" in genetic constellation of the influenza A/H5N1 genome [35, 38] . Genotype Z is characterized by the deletions in NA and NS segments. However, some viruses isolated in Southern China (Guangdong, Guangxi, and Hunan provinces) have substantially diversified to form further genotypes, i.e., Z, V, W, G; and the genotype G was the result of reassortant between W and Z [35, 39] [40, 43] . Two major groups of subgenotypes have been found to exist in Vietnam, subgenotype N (North) predominant in the North and S (South) in the South [36, 41] . Between 2007 and 2010, it was noted that the circulating strains were of mixed sublineages, i.e., Guangdong-like, Fujian-like and Qinghai-like co-existed [41] [42] [43] .
In the recent 10 years, the H5 antigenic gene has high tendency to drift, generating complicated intragenic changes. As results, the newly emerged variants have enhanced their adaptability to multi-host transmissions, helping the HPAI A/H5N1 viruses to spread throughout the world; hence the level of pathogenicity has been exacerbated [32, 34] . Since 1996, during 8 years by 2004, H5N1 has diversified to generate 10 distinct clades (0-9) due to the antigenic mutational drift in the H5 gene, all of which have always originally first time formed in China [3] . The emergence of the HPAI A/H5N1 viruses in early 2000s has accelerated the H5 gene undergoing onto dynamic evolution in a high speed, generating numerous new clades/subclades of the second-, third-, and forth-order subclades, mostly within clades 1 and 2 [3, 44] . Not all the above mentioned clades have been introduced into Vietnam (Fig. 1 ) [41] [42] [43] [44] [45] [46] , but largely, the rooting clades have further diversified to form new serial-order subclades, heavily affecting the avian influenza occurences in poultry and wild birds, and complicating the epidemiologic situation in Vietnam [40, 42, 44, [47] [48] [49] .
By 2014, for example, clade 2 has diversified into different subclades and expanded over the world. [42, [51] [52] [53] [54] [55] [56] [57] [58] . These strains are now classified into forth and fifth-order clades with an additional letter of the right-most digit implemented [44] .
Major clades, such as 2. [42, 43, 58, 59] . Although six clades have been found among the A/H5N1 strains isolated since 2003 in Vietnam, including 1, 2, 3, 5, 7, 8, only three (clades 1, 2 and 7) have rooted to spatially/temporally last and to monophyletically diversify into discrete subclades of one-, two-, three-or forth-order designations (Fig. 1 ). These clades of 1, 2, 7 and their digit number-order subclades seemed to undergo on in-depth H5 based-drifting for formation of the further fifth-order groups, e.g., in case of clade 2.3.2.1a/b/c, officially nomenclatured by adding alphabetical implementation [44] . The derivative strains of these clades are firmly now circulating in multiple species of gallinaceous poultry throughout Vietnam [42, 43, 48, 60] . Clades (1,  1.1, 2.3.4, 2.3.2.1 and 7, 7. 
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1, 7.2) in Vietnam
Approaching 18 years from the time of first generation, the Gs/Guangdong lineage-H5N1 avian influenza virus reassortants have proved to be the most persistent subtypes expressing the highest pathogenicity in wild birds and domestic poultry [3] . The further descent lineage-viruses spread as largely as reaching overall 63 countries with deaths of 250 million of gallinaceous poultry and wild birds; and hundreds of human victims [25] . Vietnam was among one of the first countries outside of China affected by this HPAI H5N1 subtype and become enzootic with a number of persistent outbreaks annually.
Numerous clades have been generated during last ten years indicated by major timelines as below: [61, 62] . In this period, the first detection of a newly designated clade 7 at ports of entry in Lang Son province was published [60, 63] . 4) In 2010: This year was the time for the new clades emerged, and alternatively, for the appearance of periodically existed viruses [42] . (Fig. 2) . The tree shown in Fig. 2 supported a precise topology of clade 2.3.2.1c strains, with the Vietnamese (of those isolated in 2014 of our study as well) and Indonesian viruses [58] in two separate groups. Distinct from clade 1 they have evolved from, all HA sequences of clades 1.1.1/1.1.2 performed a monophyletically close group, regardless of where they were identified from isolates, in Vietnam or Cambodia (Fig. 2) .
Antigenic Characteristics of A/H5N1 Viruses in Vietnam
Since their re-emergence in 2003, HPAI A/H5N1 viruses have become enzootic in some countries and continue causing outbreaks in poultry as well as sporadic human infections. The A/H5N1 viruses have diversified both genetically and antigenically leading to the need for multiple vaccine development. Evolution of the HA gene of influenza A/H5N1 viruses emerged in Vietnam has marked major antigenic changes, affecting immune response in the vaccinated poultry [42, 47] .
Amino acid analysis of H5 HA of the emerging strains isolated during [2010] [2011] [2012] [2013] (Table 1) , keeping the ability of binding specificity stable throughout the evolution of HA [14, 59] .
Analysis of amino acid identity at the antigenic sites (Table  1) [30, 44] , share close identity to the viruses within clade 2.3.2.1 at most of major sites, except at antigenic site 2, where strains of clades 2.3.2.1b,c were noticed making the sequence PYQGNS to become SYQGNS (Table 1) . Whether these amino acid substitutions, alternatively, at the antigenic site 2, i.e., S152P and K156S/N, between strains of clades 2.3.2.1b,c and 2.3.2.1a, have caused antigenicity-mismatching immune response or not, still a question to be clarified.
Glycosylation at amino acid 170 in HA1 (position 170-172) is completely lost by changing from NST (as seen in clade 1 and 1.1 strains) and NNT (clade 2.3.4) to amino acids DNA in all strains of clades 2.3.2 origin and current 2.3. 2.1(a,b,c) of Vietnam, China, Bangladesh, Indonesia and other countries [43, 59, 71] , including those strains collected in 2014 of our current study (Table 1) . [43, 66, 67, 70] . Thus, clade 2.3.2.1c is of a great challenge to HPAI A/H5N1 control in Vietnam, since the current in-use-vaccines showed rapid decline of protection against these viruses; and of course, presenting a high risk to public health [49] . Regarding to nationwide immunization of poultry, the current-in use Re-1 and Re-5 vaccines do not have sufficient efficacy to prevent the 2.3.2.1c clade viruses [49] , requesting a new vaccine with higher matching of antigenicity to be implemented [43] . The Re-6 vaccine (rgA/dk/Guangdong/S1322 
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